SUMMARy BACKGROUND: Bone constantly strives for optimal architecture. Mandibular condyle, which is subjected to various mechanical loads forcing it to be highly adaptive, has a unique structure and a relatively high remodelling rate. Despite the eminent clinical relevance of mandibular condyle, literature on its structural and biomechanical development and on the mechanical role of its mineralized and non-mineralized bone components is scarce. OBJECTIVE: The aim of the present review is to provide a brief introduction to basic bone mechanics and a synopsis of the growth and development of human mandibular condyle. Subsequently, the current ideas on the relationship between the structural and biomechanical properties of bone in general and of mandibular condyle in particular are reviewed. Finally, up-to-date knowledge from fundamental bone research will be blended with the current knowledge relevant to clinical dentistry, above all orthodontics. METhODS: A comprehensive literature study was performed with an emphasis on recent and innovative work focusing on the interaction between microarchitectural and micromechanical properties of bone. CONCLUSIONS: Mandibular condyle is a bone structure with a high bone turnover rate. Mechanical properties of mandibular condyle improve during adolescence and are optimal during adulthood. Local mineralization degree might not be a decisive determinant of the local bone tissue stiffness as was believed hitherto. Bone collagen and its cross links play a role in toughness and tensile strength of bone but not in its compressive properties. Clinical procedures might affect mandibular condyle, which is highly reactive to changes in its mechanical environment.
Introduction
Bone is a living material that is able to renew itself and that adapts its structure and density to changes in mechanical environment. Thus, bone, also mandibular bone, maintains an optimal architecture withstanding forces with the least material possible (Seeman, 2008) .
Mandibular condyle is subjected to varying mechanical loads (Herring and Liu, 2001 ) compelling the condyle to be highly adaptive. Despite eminent clinical relevance of mandibular condyle, literature is scarce on the development of its structural and mechanical properties and on the biomechanical role of its mineralized and non-mineralized components. The aim of this review is to place knowledge from bone research in the perspective of clinical orthodontics.
This first section provides basic mechanical and anatomical knowledge of mandibular condyle. In the second section, the current knowledge of the growth and development of mandibular condyle will be described. Section three will discuss the effects of the developmental changes on the mechanical properties of bone, mandibular condylar bone in particular. Finally, in section four, the clinical relevance of this knowledge is considered.
Mechanical definitions
Stress is the amount of internal forces in a material when external forces act on it. Strain is the amount of deformation relative to the original size. These parameters portray different mechanical states of bone as pre-yield, post-yield, and ultimate ( Figure 1 ).
Pre-yield mechanical properties are assessed when relatively low forces cause elastic bone deformation, which is a temporary tissue deformation followed by a complete restitution after unloading. Stiffness, or modulus of elasticity or Young's modulus (E), is the most studied pre-yield mechanical property of bone and is defined as the force necessary for a given deformation. It is assessed by quantifying the slope of the stress-strain curve.
Post-yield properties are measured beyond the yield point, at which elastic deformation converts to plastic deformation. Hence, tissue is loaded more than it can withstand without a permanent deformation. Examples of post-yield parameters are yield stress and yield strength. Bone toughness is defined as the total energy absorbed by a given volume of bone tissue during plastic deformation before fracturing. Finally, ultimate properties are studied at the moment of fracture assessing bone strength, or ultimate stress. 
Anatomy and development of bone
Bone appears as cortical and cancellous bone (Figure 2 ). In humans, 80% of the bone is cortical and its main function is mechanical stability. Cancellous bone is positioned between shells of cortical bone and has a sponge-like structure and a relatively low density. It is composed of rod-and plate-like trabeculae.
Bone consists of mineralized and non-mineralized parts: the former consisting of hydroxyapatite crystals and other minerals and the latter mainly made up of collagen type I. This review focuses on collagen type I only and therefore does not involve other types of collagen and/or proteoglycans that are observed in cartilaginous tissues. Figure 3 shows a collagen molecule composed of a triple helix, two α1 helices and one α2 helix. Interconnections or cross links are formed within and between collagen molecules. Pentosidine (Pen) is a mature cross link formed by nonenzymatic glycation; it belongs to the group of advanced glycation end products and can be reliably quantified. Other important mature collagen cross links found in bone are hydroxylysylpyridinoline (HP) and lysylpyridinoline (LP) as formed during post-translational modification of immature types of cross links. Formation of stable and mature cross links is a sign of tissue maturation (Paschalis et al., 2003) and, typically for slow-metabolizing tissues, their number increases with age (Viguet-Carrin et al., 2006) . In bone, however, age-related changes in the number of advanced glycation end products are limited resulting from the bone's capacity to renew itself.
Compared with recently deposited or young tissue at the bone's surface, old bone tissue has a higher mineralization degree (Smith et al., 2010) and contains higher numbers of mature cross links (Paschalis et al., 2004; Saito and Marumo, 2010; Willems et al., 2011) . Fewer mature collagen cross links are found in cancellous than in cortical bone, probably related to the higher remodelling rate in the former.
Bone modelling occurs from the foetal period until death and bone apposition is always part of this process; however, resorption may occur simultaneously, too (Clarke, 2008) . Then apposition takes place remote from the site of resorption (Roberts et al., 2004) . Bone modelling results, therefore, in changes in size and shape of bone (Seeman, 2008) . In contrast, bone remodelling results from coupled bone resorption and apposition at the same location (Parfitt, 1995) . The rate of bone remodelling tends to decrease during life (Willems et al., 2007) .
Although rather semantic, in dental literature, concerning orthodontics and implantology in particular, the term bone remodelling is frequently used incorrectly to describe the process of bone modelling or to portray all changes in gross bone shape. This misconception might originate from the unique shape and growth pattern of the mandible as mandibular growth is clearly a combination of bone apposition and resorption. As, however, these processes act at different parts of the same bone, mandibular growth should be defined more correctly as bone modelling, resulting in a larger structure with a somewhat different shape. Mandibular growth is shown oversimplified in Figure 4 .
Mandibular condyle
When the jaw-closing muscles contract, condyles are mostly subjected to compression forces in supero-inferior direction (Liu and Herring, 2000; Van Eijden, 2000) . In some specific situations such as mastication, the condyles may be subjected to dynamic loads that vary to a rather large extent in direction and magnitude (Herring and Liu, 2001; Van Ruijven et al., 2002) . As a result, mandibular condyle adjusts its architecture to these specific, mostly compressive loading in supero-inferior direction with the articular surface supported for the most part by vertically oriented trabeculae (Giesen et al., 2001) . The extent to which bone trabeculae have a common direction of alignment is called the degree of anisotropy, whereas a completely isotropic structure, in contrast, consists of elements that are aligned uniformly in all directions.
Growth and development of mandibular condyle

Apparent level
The last developing part of the mandible is the condylar process. It emerges as secondary cartilage from the body of the mandible and ossifies thereafter. The direction of newly formed bone trabeculae suggests that condylar growth takes place in supero-posterior direction. Later on, condylar growth continues in superior and to some extent in dorsal or ventral direction (Mulder et al., 2005) .
It has been a dispute whether the condyle acts as a primary mandibular growth centre or whether condylar growth embodies environment-related adaptation and has no genetically determined role in the overall growth of the mandible. Partial condylectomies or condylar transplantations have been carried out without resolving this argument.
Tissue level
Microarchitectural development resembles the concurrent growth-related changes in gross anatomy. Bone trabeculae decrease in number and increase in thickness during prenatal development (Mulder et al., 2005) , resulting in an increase in bone density. Concomitantly, the trabecular shape changes from plate-like to rod-like and the degree of anisotropy declines (Willems et al., 2007) . Similar growth-related changes occur in human condyles (Takenoshita, 1982) . Mineralization degree of trabecular bone in porcine mandibular condyle increases with age, and it is likely that the coincident trabecular thickening plays an important role in this, causing a lower surface-to-volume ratio and protecting more bone from the remodelling process that acts at bone surfaces (Mulder et al., 2005; Willems et al., 2007) . The higher mineralization in the cores of condylar trabeculae and the concomitant remodelling-related low mineralization at the bone surfaces result in a heterogeneous mineral distribution.
Literature on compositional age-related changes in bone extracellular matrix is rather scarce. It has been studied in rat mandible, human femur, chicken tibia, and porcine mandibular condyle; no age-related alterations of collagen content have been found. In some studies, the number of HP cross links has been reported to increase with age, whereas their number appeared to remain stable in cortical bone and to decrease in cancellous bone of porcine mandibular condyle. Contradictory results have been found for age-related changes in the number of LP cross links. During development, the number of Pen cross links in porcine mandibular condyle decreases (Willems et al., 2011) , suggesting again an exceptionally high rate of bone remodelling.
Potential effects of aging on the collagen content and the number of mature cross links have been extensively studied in human bone, but not in mandibular condyle. Whether the numbers of Pen, HP, and LP cross links are affected by aging is a matter of debate. A plausible explanation of the contradictory findings might be high intra-and interindividual variation of collagen cross linking. Future research concentrating on one bone structure instead of studying different bones, such as tibiae, femurs, mandibular condyles, or vertebrae, might be helpful in clarifying this issue.
Taken together, the development of mandibular condyle until the end of adolescence is, in essence, characterized by its enlargement, by a rise of the degree and heterogeneity of bone mineralization, and by a decline of the bone surface-to-volume ratio. These changes are accompanied by a reduction of the number of bone trabeculae with concomitant trabecular thickening and a transition from rod-like to predominantly plate-like trabecular shape, a decrease in the degree of anisotropy, and a decrease in the number of the mature cross links HP, LP, and Pen. After adolescence, these attributes of condylar bone stabilize. Bone of the aging condyle is characterized by a decrease in mineralization heterogeneity. Biomechanical effects of the above age-related changes in mandibular condyle are discussed in subsection 'Biomechanical consequences of developmental changes of mandibular condyle'. 
Biomechanical consequences of developmental changes
The role of the mineralized component in the apparent bone mechanical properties
Bone density influences bone stiffness at the apparent level, yield stress, and ultimate stress (Leahy et al., 2010; Ding et al., 2012) . Additionally, anisotropy matters as bone is stiffest in the direction in which its elements are aligned (Keaveny et al., 2001) . Experimental data (Mittra et al., 2008) point to the influence of bone microarchitectural features, other studies contradict this (Keaveny et al., 2001; Donnelly et al., 2010) . Bone stiffness is correlated positively to its mineralization degree, too (Follet et al., 2004; Fratzl et al., 2004) . A sharp rise of the mean mineralization degree of bone, however, as it might occur during aging (Wang et al., 2000) , has adverse effects on the mechanical properties. Osteoporotic bones show low bone density and high mineral content as apposition of new, lowly mineralized, tissue is limited. The higher the mineralization, the more brittle and fracture-susceptible bone becomes. Within physiologic limits, however, mineral content and ultimate strength are correlated positively (Follet et al., 2004) . Whether local material properties play a significant role in apparent stiffness is debated (Keaveny et al., 2001; Donnelly et al., 2010; Nawathe et al., 2013) .
Intratrabecular variance in the mineralization degree, or mineral heterogeneity, might be mechanically beneficial by enabling trabecular elements to bend under load and reducing the risk of fracture (Roschger et al., 2008) . Finite element modelling (FEM) simulates biomechanical handling whereby properties such as stress and strain are estimated on the basis of assumptions as set down in the model. In an FEM model with an assumed physiological mineral distribution, bone exhibited a higher apparent stiffness than in the model with a more homogeneous mineral distribution ( Van der Linden et al., 2001) . Others, however, found lower apparent stiffness in bone with an assumed heterogeneous mineral distribution and corresponding variation in local material properties (Jaasma et al., 2002; Mulder et al., 2007; Renders et al., 2008) .
The role of collagen in the apparent mechanical properties of bone
In contrast to the mineralized part of bone, the amount of collagen is positively correlated to toughness, to tensile strength when tested parallel to the main collagen fibre orientation, to compressive and bending strength when tested perpendicular to the main collagen fibre orientation, and to post-yield properties of bone (Fratzl et al., 2004; Skedros et al., 2006) . The more the collagen fibres are aligned, the larger are potential bone microfractures in the collagen fibres' main direction. Although it is assumed that the number of Pen cross links in bone is too low to have a significant impact on its mechanical properties, experimentally induced high numbers of Pen and LP cross links have been shown to detriment post-yield properties (Tang and Vashishth, 2010) .
The influence of collagen on bone stiffness is incompletely understood. Changes in collagen content, fibre orientation, and the number of HP, LP, and Pen cross links correlate with bone stiffness measurements, but experimen- Taken together, collagen may be considered a determinant of bone mechanical properties such as toughness, tensile strength when tested parallel to the main collagen fibre orientation, compressive or bending strength when tested perpendicular to the main collagen fibre orientation, and post-yield properties, but not of apparent stiffness.
The role of the mineralized bone component in the micromechanical properties of bone
Nowadays, micromechanical properties of bone can be studied at the level of single bone trabeculae using highly accurate and non-destructive methods, such as, for instance, atomic force microscopy and nanoindentation. The correlation between local mineralization degree and local bone tissue stiffness is positive (Gupta et al., 2005) but highly variable with coefficients of determination ranging from 0.07 to 0.94 (Mulder et al., 2008; Zebaze et al., 2011; Tjhia et al., 2012; Willems et al., in press ). In addition, local mineralization degree might affect fracture risk (Busse et al., 2009 ) and mechanical properties at the apparent level (Nawathe et al., 2013) . Other, microarchitectural, features might contribute to the local bone tissue stiffness, too. Thus, the mineralized component is an important, but not sole determinant of bone micromechanical properties.
The role of collagen in the micromechanical properties of bone
Collagen fibre orientation has a marked local influence on the micromechanical properties of bone in compression (Rho et al., 2001 ). The collagen cross links, however, probably play a negligible, if any, role in bone micromechanical properties (Willems et al., 2010) .
Biomechanical consequences of developmental changes of mandibular condyle
As knowledge is lacking, the age-related changes in condylar mechanical properties are interpreted on the basis of the relationship between microstructural and biomechanical properties of bone in general and on the age-related changes in condylar structure and contents as summarized in subsection 'Tissue level'. In most instances, however, this interpretation awaits experimental confirmation. During condylar growth and development, apparent bone strength increases because of the enlargement and the concurrent increase in the degree of mineralization. The apparent stiffness of condylar bone is raised by the increase in the degree of mineralization, the decrease in the degree of anisotropy, and the transition from the rod-like to the plate-like trabecular shape. The latter shape changes and the reduction of the number of HP, LP, and Pen may enhance the post-yield and ultimate stress characteristics of condylar bone. It has been confirmed in porcine mandibular condyle that tissue stiffness of condylar bone rises as its mineralization degree increases (Willems et al., 2011) . An increase of the mineralization degree to extremely high measurement values is, however, unlikely, and an unfavourable development of brittleness and bone toughness, therefore, does not occur. In essence, during growth and development until adolescence, the most important mechanical properties of mandibular condyle improve, and during adulthood, its biomechanical properties appear optimal. Potential mechanical effects of condylar changes as a result of or during aging are currently unknown.
Clinical relevance
Condylar growth and adaptation are important in various clinical conditions. In this section, microstructural and biomechanical development of mandibular condyle will be considered from the clinical prospective.
In case of facial fractures, mandible is affected most and condylar and subcondylar fractures are the most common mandibular fracture types. Notwithstanding the optimal bone mechanical properties of mandibular condyle during adulthood, condylar fractures are more prevalent in adults than in teenagers and elderly as they are caused by high impacts caused by traffic accidents, interpersonal violence, and falls.
Abnormal condylar growth and mandibular asymmetry have been extensively reviewed (Pirttiniemi et al., 2009) . Most frequently mandibular asymmetry is correlated to condylar fractures sustained in childhood. These fractures cause limited mandibular translation movement on the affected side, defined as functional ankylosis. Long-term effects of fractures as a result of trauma are, however, rare as the affected condyle develops compensatory growth. Clinically, attempts are made to augment this growth by using functional appliances and thereby to reduce the development of asymmetry. If forward mandibular translation on the affected side is completely inhibited, surgical intervention and physical therapy are recommended (Proffit et al., 2003) .
Another cause of mandibular asymmetry is increased mandibular growth resulting from a primary growth disorder (Pirttiniemi et al., 2009) . Hemimandibular hyperplasia causes an enlargement of the condyle, the ramus, and the body of the mandible including the alveolar process without an accompanying marked chin deviation. While articular cartilage and subchondral bone are separated in the healthy condyle, in hemimandibular hyperplasia, no distinction can be made histologically between these tissues. Hemimandibular elongation is another abnormal growth condition that induces lengthening of the mandibular condyle, ramus, and body, and causes chin deviation. No histological abnormalities are detected within the condyle (Pirttiniemi et al., 2009) . Currently, the aetiology of increased mandibular growth and, specifically, the immediate role of the condyle in it are unknown. Despite difficulties in exact diagnosis and lack of knowledge of possible treatment sequelae, high or partial condylectomy is considered an effective treatment procedure in cases of progressive asymmetric mandibular growth (Saridin et al., 2010) .
Use and guidance of mandibular growth is a standard procedure in orthodontic treatment of class II and III malocclusions aiming at harmonization of the maxillomandibular base relationship. The biological rationale and clinical possibilities of mandibular growth guidance have been thoroughly discussed (Meikle, 2007) . He concluded that the use of functional appliances results in a small but statistically significant increase of mandibular length. Functional appliances constructed on the principles of 'jumping the bite', such as the Herbst appliance and the twin-block, are more effective in modifying mandibular growth than passive appliances, such as the Andresen activator and its variants. This might be the combined result of remodelling of both the condyle and the fossa (Meikle, 2007) . In short, mandibular condyle is highly adaptive and its growth direction and magnitude can, at least to some extent, be modified.
Following a bilateral sagittal split osteotomy, mandibular body is moved into a new maxillomandibular relationship, during which meticulous attention is paid keeping the condyle-fossa relationship unchanged (Gerressen et al., 2006) . Avoiding condylar displacement, in particular laterally, is necessary for prevention of unphysiological loading of adult condyle, which is thought to have limited adaptive capacity.
Occlusal changes following tooth extractions, restorative treatment, or orthodontic treatment may influence the condyle-fossa relationship and cause condylar displacement resulting in changes in face height. Extensive unilateral tooth extractions and corresponding loss of occlusal support might result in postero-superior repositioning of the ipsilateral condyle and a coinciding movement of the contralateral condyle in antero-inferior direction (Springer et al., 2002) , subjecting the condyles to higher compressive and tensile forces, respectively. More condylar growth might occur on the contralateral, tensile, side (Von den Hoff and Delatte, 2008) .
Conclusions
The following conclusions are drawn on the basis of the reviewed literature:
• Mandibular condyle is characterized by a high bone turnover rate.
• A high bone turnover rate is correlated with low numbers of mature collagen cross links, with low mineralization degree, and substantial mineral heterogeneity.
• Mineral content is more important for mechanical properties of condylar bone than collagen is; however, local mineralization degree appears not to be the decisive determinant of local bone tissue stiffness.
• Mechanical characteristics of mandibualar condyle are optimal during adulthood.
• Clinical procedures might affect mandibular condyle, which is highly reactive to changes in its mechanical environment. 
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